Bacterial communities associated with sponges are influenced by environmental factors; however, some degree of genetic influence of the host on the microbiome is also expected. In this work, 16S rRNA gene amplicon sequencing revealed diverse bacterial phylotypes based on the phylogenies of three tropical sponges (Aplysina fulva, Aiolochroia crassa and Chondrosia collectrix). Despite their sympatric occurrence, the studied sponges presented different bacterial compositions that differed from those observed in seawater. However, lower dissimilarities in bacterial communities were observed within sponges from the same phylogenetic group. The relationships between operational taxonomic units (OTUs) recovered from the sponges and database sequences revealed associations among sequences from unrelated sponge species and sequences retrieved from diverse environmental samples. In addition, one Proteobacteria OTU retrieved from A. fulva was identical to sequences previously reported from A. fulva specimens collected along the Brazilian coast. Based on these results, we conclude that bacterial communities associated with marine sponges are shaped by host identity, while environmental conditions seem to be less important in shaping symbiont communities. This is the first study to assess bacterial communities associated with marine sponges in the remote St. Peter and St. Paul Archipelago using amplicon sequencing of the 16S rRNA gene.
INTRODUCTION
Sponges (phylum Porifera) are the oldest multicellular animals still extant on Earth. These animals evolved over 600 million years ago and currently encompass over 8600 species that inhabit different marine and freshwater ecosystems (Webster and Thomas 2016) . The evolutionary success of sponges is closely linked to their capacity to maintain a rich community of microorganisms that can comprise up to 40% of their biomass (Hentschel et al. 2012) . These microorganisms play key roles in nutrient cycling (Fan et al. 2012; Ribes et al. 2012) and are considered important modulating agents of sponge fitness by promoting host health and the ability to adapt to environmental stresses (Erwin and Thacker 2008; Hoffmann et al. 2009; Turque et al. 2010; Simister et al. 2012b; Fan et al. 2013; Webster et al. 2013b ). In addition, sponge holobionts represent a valuable source of novel genetic and metabolic material, generating interest in the chemical, genetic and ecological exploitation of these animals. However, the microbial systems found in sponges remain poorly understood (Hardoim and Costa 2014) .
To fully understand sponge biology, a detailed investigation of sponge-associated microbial communities is essential. Specifically, the ecological and evolutionary factors that influence the structure and dynamics of these communities must be described. Bacteria-sponge interactions display a high degree of host specificity and are often stable across spatiotemporal scales or under different environmental conditions (Hentschel et al. 2002; Taylor et al. 2004; Thiel et al. 2007; Montalvo and Hill 2011; Erwin et al. 2012; Pita et al. 2013a, b; Simister et al. 2013; Cárdenas et al. 2014; Hardoim and Costa 2014) , although variations have been observed in some host species (Wichels et al. 2006; Turque et al. 2010; Cao et al. 2012; White et al. 2012; Luter et al. 2015; Morrow et al. 2015; Weigel and Erwin 2015; Morrow, Fiore and Lesser 2016) . Host-microbe association specificity has been investigated using a wide variety of techniques (Taylor et al. 2004; Simister et al. 2012a Simister et al. , 2013 Hardoim and Costa 2014; Reveillaud et al. 2014) , which have revealed that the microbial communities that are associated with sponges consist of a specific mix of generalist and specialist symbionts (Erwin et al. 2012; Thomas et al. 2016) . However, the ecological and evolutionary significance of these associations remain unclear.
Many studies have surveyed microbial diversity across various host species, including tropical sponges, to characterise the spatiotemporal distributions of microbes and their associations with host health, phenotype, physiology and ecology (Friedrich et al. 2001; Webster et al. 2001 Webster et al. , 2010 Montalvo and Hill 2011; Erwin et al. 2012; Schmitt et al. 2012; Burgsdorf et al. 2014; Cuvelier et al. 2014; Gloeckner et al. 2014; Hardoim and Costa 2014; Luter, Gibb and Webster 2014; Olson, Thacker and Gochfeld 2014; Reveillaud et al. 2014; Choudhury et al. 2015; Gao et al. 2015; Blanquer et al. 2016; Thomas et al. 2016) . The following general conclusions have been obtained: (i) microbes are host specific (Schmitt et al. 2012) ; (ii) microbes associated with sponges differ from those found in planktonic communities in surrounding water (Hardoim et al. 2012) ; (iii) despite phylogenetic differences, microbes share functional characteristics that allow them to exist symbiotically (Fan et al. 2012) ; and (iv) some sponge species harbour a high microbial abundance (HMA), whereas other species maintain a low microbial abundance (LMA) (Gloeckner et al. 2014) .
Microbial communities associated with sponge species have been extensively studied. Recent surveys have evaluated correlations between host phylogeny and bacterial community profiles from closely related sponges collected at different locations (Erpenbeck et al. 2002; Montalvo and Hill 2011; Erwin et al. 2012; Schmitt et al. 2012; Schöttner et al. 2013; Pita et al. 2013b; Easson and Thacker 2014; Reveillaud et al. 2014; Thomas et al. 2016) . Overall, these studies have revealed a small core microbial community characterised by generalist symbionts as well as highly specific host-bacteria associations extending to rare taxa in the sponge microbiome (Reveillaud et al. 2014) . Furthermore, these studies revealed that sponge microbiomes are highly diverse and shaped by both host and environmental factors (Erwin et al. 2012; Schmitt et al. 2012; Pita et al. 2013b) . However, few studies have compared sponge microbial communities in closely related species that coexist in close spatial proximity (Erwin et al. 2012; Hardoim et al. 2012; Webster et al. 2013a; Cuvelier et al. 2014; Naim et al. 2014) . The major driving forces regulating microbial diversity and the evolutionary history of these communities remain unclear; therefore, understanding the microbial patterns that are present in closely related sponge species is of special interest (Hardoim et al. 2012; Webster and Thomas 2016) .
In the present survey, the phylogenies of three marine sponges (Aiolochroia crassa, Aplysina fulva and Chondrosia collectrix) that live in close spatial proximity were examined to determine the bacterial species that are specific and shared among phylogenetically related host sponges. To accomplish this, the compositions of the bacterial communities associated with 12 sponge specimens were characterised. Sponge samples were collected from the St. Peter and St. Paul Archipelago (SPSPA) in Brazil. To ensure the accurate identification of target sponges, host phylogenetic relatedness was assessed using sequences from the standard CO1 barcoding fragment. This is the first study to assess bacterial communities associated with marine sponges in the SPSPA using amplicon sequencing of the 16S rRNA gene.
MATERIALS AND METHODS

Study site
The SPSPA is one of the smallest and most isolated archipelagos in the world. It is located ∼1000 km from the city of Natal, Rio Grande do Norte State, North-eastern Brazil (0
• 55 02 N,
29
• 20 44 W) and is a federal Environmental Protected Area maintained by the Brazilian Navy. The archipelago is composed of 10 small islands and islets distributed across a 1.5-ha area (Fig. 1) . The rocky shores of the archipelago are mainly devoid of unconsolidated substrates, with the exception of one cove that forms gradually from a 3 to 20 m depth and includes a mosaic of rocky and gravel bottom. The unique marine fauna harbours high endemism of fishes and sponges and have attracted growing attention from researchers (Edwards and Lubbock 1983; Moraes 2011) . Despite the high local fishing pressure, the SPSPA suffers relatively little anthropogenic disturbance, at least with respect to industrial and domestic pollutants, due to its isolation from the mainland and sparse human occupation.
Sponge and seawater sampling
Twelve sponge specimens (i.e. four replicates from three sponge species) located at a similar depth (14-15 m) and within a few meters of each other were sampled during a single dive within a protected area at the cove of SPSPA, all inhabited the same rocky substrate. The temperature of the water was 25
• C, and the specimens were living in an area that was exposed to light. A small fragment from each specimen was collected and placed separately into a 50-mL Falcon tube containing seawater; the tubes were then stored on ice for transport to the laboratory. The sampled sponges were previously identified as belonging to the families Aplysinidae: Aiolochroia crassa (Hyatt 1875) and Aplysina fulva (Pallas 1766) and Chondrosidae: Chondrosia collectrix (Schmidt 1870), all from the subclass Verongimorpha (Moraes 2011; Erpenbeck et al. 2012) . Phylogenetic inference methods utilizing sequences of the standard CO1 barcoding fragment were used to aid in the molecular identification of the sponge species (Fig. S1 , Supporting Information). Five litres of seawater were collected from the sponge-sampling site using a Van Dorn bottle; one litre was immediately filtered through a 0.22-μm polycarbonate membrane (Millipore, MA, USA). This process was repeated four times, resulting in four replicates. After processing, all the samples were stored at -20 • C until being submitted to DNA extraction. Seawater samples surrounding the sponges were collected for comparison to sponge symbionts.
Bacterial community analysis using 16S rRNA gene sequencing
In the laboratory, the seawater was drained from the Falcon tubes containing the sponges, and each sponge was individually rinsed three times in separate beakers with sterile artificial seawater (33 g l −1 Red Sea Salt R , Red Sea, Houston, TX, USA) to eliminate loosely attached microorganisms. The samples were dissected into fine pieces that included both ectosomal and choanosomal sections using sterilised scalpels. Total DNA was isolated from 0.25 g samples of dissected sponge tissue and from the membranes used to filter the seawater samples using a Power Soil DNA Isolation Kit (Mo Bio, Carlsbad, CA, USA) according to the manufacturer's instructions.
The V6 hypervariable region of the 16S rRNA gene sequence was PCR amplified using the primer set 967F (CAA CGC GAA GAA CCT TAC C; Sogin et al. 2006) and 1193R (CGT CRT CCC CRC CTT CC; Wang and Qian 2009) to generate amplicons of ∼230 bp. The PCR was performed according to Kavamura et al. (2013) . After amplification, each reaction was purified using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA). Emulsion PCR was performed using an Ion OneTouch 2 with an Ion Template PGM OT2 400 Kit (Life Technologies, Carlsbad, USA) according to the manufacturer's instructions. The amplicon libraries were sequenced using an Ion 316 Chip Kit v2 on an Ion Torrent PGM system. After sequencing, all reads were filtered using PGM software to remove low-quality and polyclonal sequences, yielding a total of 218 223 sequences. The sequence file (.fastq) was exported and analysed as described below.
Processing of sequences and taxonomic assignment
Raw sequences were quality filtered (average quality score = 25, window size = 5 bases, and maximum number of homopolymers = 6) and trimmed to a minimum length of 200 bp using Galaxy software (https://main.g2.bx.psu.edu). After processing, 120 179 sequences were analysed using the Quantitative Insights Into Microbial Ecology toolkit (QIIME), version 1.8 (Caporaso et al. 2010b) to identify operational taxonomic units (OTUs) with 97% similarity using the UCLUST method (Edgar 2010) . A representative sequence from each OTU was aligned against the Greengenes core set using the NAST algorithm (Caporaso et al. 2010a) . Chimeric sequences were removed using the UCHIME method (Edgar et al. 2011) . Taxonomic assignment was performed using the UCLUST taxonomy assigner method with the Greengenes reference sequence database (McDonald et al. 2012) . Nontarget sequences (i.e. chloroplast, mitochondria and singleton DNA) were removed from the dataset. After processing, 86 288 sequences were assigned to 2112 different OTUs (Table S1 , Supporting Information), and a sample versus OTU table was created and used as input data for downstream analysis.
Statistical analysis of sequencing data
The numbers of sequence reads per phylum and class were normalised to the smallest sampling effort, which included 3040 sequences in each dataset and was expressed as a percentage of the total for each sample. Alpha diversity metrics were computed (observed species, chao1, Shannon and inverse Simpson) among specimens using R software (R-project 2014) with the Phyloseq package (McMurdie and Holmes 2013). To evaluate the effects of host phylogeny on bacterial community composition in the Aplysinidae sponges, we determined whether the microbiota of the sympatric A. crassa and Ap. fulva specimens shared a greater number of phylotypes than with C. collectrix (the nearest sister taxon to Aplysinidae in this study). We further determined whether these communities were distinct from the surrounding seawater. The rarefied datasets were analysed using weighted UniFrac (Lozupone et al. 2011 ) and Bray-Curtis distances (Bray and Curtis 1957) and clustered by principal coordinates analysis (PCoA). To evaluate the significance of the sample groupings based on these distance metrics, PERMANOVA was employed using the PAST software package, with significance values based on 10 000 permutations and adjusted using Bonferroni post hoc analysis for multiple pairwise comparisons. An average BrayCurtis dissimilarity analysis was performed using a script customised in QIIME toolkit. The data were also statistically analysed using two-sample t tests for all comparisons. The extents to which the OTUs were shared or unique among the sample groups were visualised using Venn diagrams constructed using (i) a dataset composed of all the OTUs obtained from the sponges and seawater (2112 OTUs) and (ii) a dataset encompassing only the OTUs that were found in all four replicates of each sponge species (130 OTUs). For the second dataset, OTUs that were detected simultaneously in the sponges and the seawater samples were excluded as well as those that were sporadically detected in a single sample sponge species. This higher stringency dataset provided insight into which OTUs occurred stably in the sponges at the time of sample collection. Species-specific associations were based on the OTUs that were detected in all four replicates of a sponge species but not in any other analysed sponge species or in the surrounding seawater. These OTUs were compared to their best matches from the NCBI databases using BLAST (Altschul et al. 1990 ).
Nucleotide sequence accession numbers
The bacterial 16S rRNA gene sequences obtained in this study are publicly available in the MG-RAST server under accession numbers 4696821.3 to 4696836.3. The sponge CO1 sequences were deposited in GenBank under accession numbers KX034567 to KX034578.
RESULTS
Bacterial richness and diversity estimations
The Good's coverage indices obtained for the three sponge species were 96.8 ± 0.6%, 96.2 ± 0.2% and 96.0 ± 0.6% for Aplysina fulva, Chondrosia collectrix and Aiolochroia crassa, respectively, and the indices were 94.8 ± 1.0% for the seawater samples. Under our sequencing depth, the observed bacterial richness differed significantly between the sponges and the seawater (OTU numbers ranging from 181 to 322 and from 281 to 444, respectively; P < 0.05). Chao1 richness estimates for the sponges varied from 313 to 527 OTUs and from 399 to 613 OTUs for the seawater (t = −3.98, P = 0.001). The Shannon-Wiener indices for the sponge samples were lower on average (4.3-5.7), but they were not significantly different than the indices for the seawater (4.8 and 6.3) (t = −0.56, P = 0.57). Based on the observed species and the Chao1 alpha diversity metrics, the water samples presented the greatest species richness, followed by the A. crassa, Ap. fulva and C. collectrix samples (Fig. S2, Supporting Information) .
Bacterial community composition based on 16S rRNA gene sequence analysis
The taxonomic profiles of the bacterial communities are summarised at the phylum and class levels in Fig. 2a . The OTUs were taxonomically assigned to 20 bacterial phyla in Ap. fulva, 19 in A. crassa, 13 in C. collectrix and 15 in seawater. The mean values (considering all replicates) revealed that Actinobacteria, Acidobacteria, Chloroflexi, Proteobacteria and Gemmatimonadetes were the most abundant phyla in the sponge community (>1% relative abundance of the reads) (Fig. 2b) . The candidate phyla Poribacteria and PAUC34f were particularly enriched in Ap. fulva, and the phylum Bacteroidetes was enriched in C. collectrix. More than 95% of the bacterial reads from the seawater samples were affiliated with two dominant phyla: Proteobacteria (87%) and Bacteroidetes (8%). When the bacterial communities at the lower taxonomic levels were examined, 63 classes and 115 orders were recovered from all datasets. Class Acidimicrobiia was preferentially enriched in A. crassa. The phyla Chloroflexi and Acidobacteria varied in abundance among the three species. The classes within these phyla also varied among the sponges: Anaerolineae (Chloroflexi) was more abundant in Ap. fulva and C. collectrix than in A. crassa. Gammaproteobacteria (Proteobacteria) was also highly represented in the seawater samples. In contrast, purple sulfur bacteria (order: Chromatiales) within the phylum Proteobacteria were more abundant in the sponges than in the seawater samples.
Relationship between host phylogeny and bacterial communities
The results indicated that the three sponge species harboured bacterial communities that were distinct from those in the water column and also differed from each other (PERMANOVA, F = 6.0035, P = 0.0001). However, less bacterial dissimilarity was found within the sponges of the Aplysinidae family (PER-MANOVA, F = 3.3881, P = 0.0291) when compared to its nearest relative Chondrosidae (Fig. 3) . The average Bray-Curtis dissimilarity corroborated the previous findings acquired by PCoA analysis and added more evidence regarding the stability of the bacterial communities within the studied sponge species. The level of variation among replicates for the bacterial community inhabiting C. collectrix (∼30% average Bray-Curtis dissimilarity) was more stable, while the bacterial communities in Ap. fulva and A. crassa showed higher interindividual variation (∼60% and 45% average Bray-Curtis dissimilarity, respectively). Moreover, the bacterial assemblages in the Aplysinidae host showed a lower level of dissimilarity (∼80% average Bray-Curtis dissimilarity) compared to those in C. collectrix (∼95% average Bray-Curtis dissimilarity) (Fig. 3c) . PCoA of sponges and seawater bacterial communities at 97% similarity, based on UCLUST clustering using (A) Bray-Curtis and (B) Unifrac distances. In both cases, there are three main groups: one composed of seawater samples (light blue dots) and two corresponding to the Aplysinidae family, composed of A. crassa and Ap. fulva (red and yellow dots, respectively), and the Chondrosidae family, composed of C. collectrix (orange dots). The box plot represents the average Bray-Curtis dissimilarity between the groups of samples (C).
More OTUs are shared among sponges from the same phylogenetic group
Among the 2112 OTUs present in this dataset, 1259 OTUs (59.6%) were strictly associated with sponges and 745 OTUs (35.3%) were associated with seawater. A total of 108 OTUs (5.1%) were shared between the sponges and seawater (Fig. 4a) . Noticeably, A. crassa and Ap. fulva (Aplysinidae) shared more OTUs than did Aplysinidae and C. collectrix; there was also less sharing of OTUs between the sponges and the seawater.
A second Venn diagram was constructed to represent the OTUs that occurred in all four replicates of each sponge species. This new dataset contained 130 OTUs from the sponges and displayed high specificity for each sponge, with 54, 25 and 20 OTUs found in C. collectrix, A. crassa and Ap. fulva, respectively (Fig. 4b) . Surprisingly, only five OTUs (8.7% of a total of 63 971 reads from the sponges) were shared among all the sponges. This core community contained generalist members of the phyla Gemmatimonadetes, Proteobacteria (Gammaproteobacteria), Acidobacteria, Actinobacteria (Acidimicrobiia) and Candidatus PAUC34f. Comparisons of these 130 OTUs in relation to other sequences deposited in GenBank revealed three patterns of affiliation, including 69 OTUs from different sponge species, 17 OTUs from sponge coral and 26 sequences related to diverse environmental samples (i.e. seawater and sediment) (Supplementary file, Table S2 ). Interestingly, one OTU related to Gammaproteobacteria that was retrieved from Ap. fulva was identical to sequences previously reported for specimens from the same species collected along the Brazilian coast (Table S2) , while another OTU related to Synechococcus has been widely detected in tropical sponges from the Caribbean coast, including in Aplysina hosts.
DISCUSSION
Taxonomic richness and bacterial community diversity
The bacterial richness estimation found in our sponge samples varied from 181 to 322 OTUs, which is concordant with the ranges observed for other sponge species (Jackson et al. 2012; Schmitt et al. 2012; Cuvelier et al. 2014; Moitinho-Silva et al. 2014) . A maximum of 364 different OTUs from a single sponge was detected in a study evaluating 32 sponge species collected at eight different locations worldwide (Schmitt et al. 2012) . In the Mexican area of the Caribbean Sea, the sponge Aiolochroia crassa (279 OTUs) had a bacterial richness comparable to our samples of A. crassa (254-313 OTUs) (O'Connor-Sánchez et al. 2014) . In contrast, lower bacterial richness (94-105 OTUs) was found in a three-year sampling study of the temperate sponge Sarcotragus spinosulus, with similar sequence coverage as that found in our study (Hardoim and Costa 2014) .
In this study, more OTUs were identified in seawater than in sponges. This is concordant with previous studies, in which higher bacterial richness and dominance were observed in seawater (Cuvelier et al. 2014; Hardoim and Costa 2014; MoitinhoSilva et al. 2014; Ribes et al. 2015) . Conversely, however, some studies have demonstrated higher bacterial richness and diversity in sponges (Webster et al. 2010; Lee et al. 2011; Hardoim et al. 2012; Thomas et al. 2016) . In this sense, sponge tissues serve as a specific ecological niche that contains a higher abundance of bacterial groups that remain stable for long periods. Recently, a global survey of marine sponges revealed that these animals greatly contribute to the total microbial diversity of the world's oceans, with microbial richness estimates ranging from 50 to 3820 distinct OTUs per host ).
Overall, the three sponge species studied here contained similar bacterial diversity indices, concordant with reports from other host sponges (Cuvelier et al. 2014) . Recently, Easson and Thacker (2014) found a strong correlation between bacterial diversity indices and Aplysinidae host phylogeny, suggesting that a significant phylogenetic signal exists across hosts.
OTU-level community composition of sponge-associated bacteria
In general, the phyla identified in this study were similar to those observed in previous studies of bacterial communities associated with sponges (Hardoim et al. 2009; Montalvo and Hill 2011; Schmitt et al. 2011 Schmitt et al. , 2012 Simister et al. 2012a; Webster and Taylor 2012; Cleary et al. 2013 Cleary et al. , 2015 Bayer, Kamke and Hentschel 2014; Easson and Thacker 2014; Naim et al. 2014; O'Connor-Sánchez et al. 2014; de Voogd et al. 2015) . Although the phyla Cyanobacteria and Bacteroidetes were ranked as minor groups using our sequencing approach, a high abundance of OTUs related to these phyla was previously detected in Aplysina fulva using a clone library of 16S rRNA gene sequences (Hardoim et al. 2009 ). Although the candidate phylum Poribacteria was detected in all sponge species examined in this study, it was not previously detected in microbiomes associated with Ap. fulva and A. crassa using the SILVA and RDP databases (Easson and Thacker 2014; O'ConnorSánchez et al. 2014) . However, the lack of Poribacteria in the above-referenced studies may be attributed to the use of different primers and bioinformatics pipelines. The candidate phylum Poribacteria was originally discovered in marine sponges (Fieseler et al. 2004 ) and has since been detected among many different sponge species, including members of the Aplysinidae family (Lafi et al. 2009 ). Poribacteria also has been widely found at low abundance in non-sponge habitats . However, a recent study suggested that Poribacteria are not active when not associated with a host sponge . Additionally, single-cell genomic approaches have revealed a wide range of metabolic strategies and adaptations for symbiosis in Poribacteria associated with Ap. aerophoba (Siegl et al. 2011; Kamke et al. 2013 Kamke et al. , 2014 . These same studies have proposed that Poribacteria are well adapted to the sponge environment.
In this study, the dominant OTUs were classified as Acidimicrobiia (Actinobacteria), Acidobacteria group 6, Anaerolineae (Chloroflexi) and Chromatiales (Gammaproteobacteria). Class Acidimicrobiia was preferentially enriched in A. crassa and contributed the most dissimilarity between the sponges and the seawater. Hardoim and Costa (2014) also identified Acidimicrobiia as a stable and abundant group in Sarcotragus spinosulus. The marine Acidimicrobiia clade comprises photoheterotrophic bacteria with planktonic lifestyles that are well adapted to oligotrophic marine waters (Mizuno, Rodriguez-Valera and Ghai 2015) . Acidobacteria and Chloroflexi are the most common bacterial phyla in HMA sponges belonging to many different phylogenetic lineages (Schmitt et al. 2011; Giles et al. 2013; Bayer, Kamke and Hentschel 2014; O'Connor-Sánchez et al. 2014) . Purple sulfur bacteria within the order Chromatiales encompass microaerophilic or anaerobic species capable of performing anoxygenic photosynthesis (Imhoff 2005) .
The dominance of these groups in sponges may indicate that they play specific roles in host biology. Although these groups have been detected in HMA sponges from diverse habitats, including tropical and temperate environments (Schmitt et al. 2011; Cleary et al. 2013; Cárdenas et al. 2014; Kennedy et al. 2014) , very few isolated representatives have been recovered (Brück et al. 2010) .
Association of bacterial community with host phylogeny and surrounding seawater
Molecular identification of the sponge species studied here permitted robust interpretation of the results concerning host taxonomy and the associated bacterial communities. Several studies have demonstrated that different sponges from the same habitat harbour distinct bacterial communities (Hardoim et al. 2012; Cleary et al. 2013; Naim et al. 2014) . Consistent with these findings, the bacterial community compositions in the three sponge species evaluated here differed from one another and from that in the seawater surrounding the specimens. However, such dissimilarity often decreases when members of the same taxonomic and phylogenetic groups are considered (Easson and Thacker 2014) and when considering eukaryotic hosts that support complex bacterial consortia (animals and plants) (Ochman et al. 2010; Bouffaud et al. 2012 Bouffaud et al. , 2014 Moeller et al. 2013) .
Our results demonstrated that two sponge species belonging to Aplysinidae presented less dissimilarity in their bacterial communities when compared to those in Chondrosia collectrix, the nearest relative (Fig. 3) . Schöttner et al. (2013) also observed a positive relationship between bacterial community dissimilarity and phylogenetic distance in Geodiidae sponges (Porifera: Heteroscleromorpha) using ARISA profiles. These authors suggested that closely related hosts possess greater similarity in their bacterial communities than more distantly related hosts. Likewise, Montalvo and Hill (2011) detected similar bacterial communities for two phylogenetically close species of Xestospongia (X. muta and X. testudinaria), which inhabit the Atlantic and Pacific Oceans, respectively. The referenced study concluded that bacterial speciation occurred within sponge hosts that reflected vertical transmission through evolutionary time. Erwin et al. (2012) also detected a phylogenetic signal in two sympatric and phylogenetically related species of the genus Ircinia.
Despite Reveillaud et al. (2014) having shown that similar symbiont communities exist within the same host species across broad geographic and bathymetric scales, closely related species of Hexadella (Verongida; Ianthellidae), specifically Hexadella pruvoti and H. cf. dedritifera, did not maintain a high degree of similarity in their bacterial communities when compared to H. dedritifera, the phylogenetically closest species. This finding was consistent with a global study that surveyed sponge symbionts across 32 different host species, including Aplysina hosts. In the referenced study, no clear relationship was observed between host phylogeny and microbial community similarity; however, a tropical biogeographical clade was detected, indicating that subpopulations of bacterial lineages that are defined by temperature or water salinity likely reside in sponges (Schmitt et al. 2012) . Recently, a growing body of evidence has demonstrated that biogeographical factors greatly affect many aspects of sponge biology (Schmitt et al. 2012; Burgsdorf et al. 2014; Luter et al. 2015; Weigel and Erwin 2015; Morrow, Fiore and Lesser 2016) , although it is also important to note that shifts in microbial communities might vary from species to species, as has been reported in other studies (Hentschel et al. 2002; Taylor et al. 2005; Montalvo and Hill 2011; Pita et al. 2013a, b) . This suggests that evolutionary processes rather than biogeographic factors have resulted in the spatial stability of spongeassociated bacterial communities. In the present study, the examined sponge specimens coexisted in close spatial proximity in a region quite isolated from the mainland; therefore, we can assume that the sponges grew under similar environmental conditions. As such, there were likely no great differences in environmental conditions that could explain the dissimilarities in the bacterial assemblages. Moreover, continued research on this topic has provided support for the hypothesis that a host sponge's evolutionary history plays a significant role in shaping the diversity of its symbiont community, despite strong selective forces for divergent microbiome composition (Easson and Thacker 2014; Thomas et al. 2016 ).
Shared and specific bacterial OTUs
In the current work, the three sponge species studied harboured 99 specific and stable OTUs (54, 25 and 20 in C. collectrix, A. crassa and Ap. fulva, respectively) . Comparisons of these OTUs in relation to other sequences deposited in GenBank revealed some overlap with microbial sequences obtained from other sponges, corals, sediments and seawater. Erwin, Olson and Thacker (2011) identified the same patterns in an extensive study of the phylogenetic diversity and host specificity of bacteria inhabiting tropical sponges. Interestingly, one OTU related to Gammaproteobacteria that was retrieved from Ap. fulva in this study was previously found in the same sponge species in a sample collected along the Brazilian coast (Hardoim et al. 2009 ). In addition, an OTU retrieved from Ap. fulva that was closely related to Synechococcus spongiarum was compared using BLAST analysis to a sequence in GenBank, and the results revealed that this OTU has been widely detected in tropical sponges from the Caribbean coast, including in Aplysina hosts Erwin and Thacker 2008; Pita et al. 2013a; Olson, Thacker and Gochfeld 2014) .
The above results suggest that a stable association exists among the bacterial communities that are found within Aplysina spp., which are often related to the health status of the host (Erwin and Thacker 2008; Olson, Thacker and Gochfeld 2014) . In addition S. spongiarum has been detected in at least 40 sponge species and represents the largest sponge-specific cluster identified to date (Simister et al. 2012a; Gao et al. 2014) . Vertical transmission of S. spongiarum from parents to offspring has been reported for other sponges (Oren, Steindler and Ilan 2005; Usher et al. 2005) . The genome sequence of this cyanobacterium suggests that its symbiotic interaction with sponge hosts has caused the loss of genes involved in several nonessential functions, culminating in a reduction of the bacterium's genome (Burgsdorf et al. 2015) . This finding supports the hypothesis that sponges and their associated bacteria are co-evolving.
CONCLUSION
The present study is the first to investigate the dissimilarities that are found in bacterial communities inhabiting closely related sponge species that live in close spatial proximity in the SPSPA in Brazil. We further demonstrated that the profiles of sponge-associated bacterial communities differ not only between sponge species but also relative to the surrounding seawater. However, a reduced dissimilarity was observed in bacterial communities within Aplysinidae species when compared to Chondrosidae, the nearest relative to these species. Furthermore, by comparing bacterial communities in sympatric sponges from closely related hosts, we speculate that factors specific to each sponge species might act as selective forces that shape the phylogenetic profiles of bacterial assemblages. It is necessary to highlight that the minor dissimilarity found among closely related sponge species does not necessarily imply that symbionts co-evolve with their hosts. More research is needed to fully explore the degree to which closely related sponge hosts share symbiont communities.
